Abstract. Plasma from patients with thrombotic thrombocytopenic purpura (TTP) caused the aggregation of autologous and homologous platelets, an effect which was inhibited by normal plasma. IgG purified from seven normal adults at a concentration of 0.7 mg/ ml completely inhibited the platelet aggregation induced by plasma obtained from two TTP patients with active disease. The inhibition of platelet aggregation by human adult IgG was concentration dependent, and the inhibitory activity of human IgG was neutralized by rabbit antihuman IgG. Fab fragments inhibited the TTP plasmainduced platelet aggregation as well as intact IgG, whereas Fc fragments had no effect. Platelet aggregation caused by ADP, collagen, epinephrine, or thrombin was not affected by purified human IgG. The prior incubation of IgG with TTP plasma caused a significantly greater reduction of platelet aggregation by TTP plasma than that of IgG and platelet suspension, suggesting that the IgG inhibits TTP plasma-induced platelet aggregation through direct interaction with platelet aggregating factor in TTP plasma.
Introduction
Thrombotic thrombocytopenic purpura (TTP)' is a syndrome manifested with thrombocytopenia, microangiopathic hemolytic anemia, neurologic signs, fever, and renal dysfunction (1) . Clinical studies have shown that a majority of patients with TTP responded favorably to exchange transfusions with whole blood (2) . The original rationale for exchange transfusion was to remove a postulated "toxic material." Recently, it has been shown that most patients with typical symptoms of TTP responded successfully with plasma infusion (3) . This suggested that the deficiency ofcertain normal plasma component(s) may contribute to the development of the disease. It has been demonstrated that TTP plasma induced the aggregation of washed platelets obtained from normal donors as well as TTP patients during remission. This platelet-aggregating activity was not affected by hirudin, diisopropylfluorophosphate, or heparin in the presence of normal amounts of antithrombin III, but was reduced significantly when the TTP plasma was preincubated with normal plasma (4) .those of IgG, such as the elution pattern on DEAE Sephadex chromatography, the molecular weight, and the binding to protein A, it was suspected that the purified inhibitory protein is IgG. Here TTP plasmas from two patients were generously provided by Dr. J. Ansell, whose patient was reported elsewhere (7), and Dr. William Rymer, whose patient also had classic manifestations of thrombocytopenia, Coombs negative microangiopathic hemolytic anemia, fluctuating neurologic signs, renal abnormalities, and fever, and who responded to plasma exchange. Both plasmas were prepared by collection of blood into PA-10 Blood-Pack units containing 75 ml citrate dextrose solution USP formula A (Fenwall Laboratories, Inc.) and centrifugation at 2,400 g for 20 min at 40C. The supernatant plasma was further spun at 10,000 g for 10 min at 4VC. The platelet-poor plasma was divided into small aliquots and stored at -70'C until use.
The normal adult sera were obtained from consenting normal healthy laboratory personnel, after incubation of whole blood at 370C for 2 h or through conversion of thawed citrated plasma by addition of CaCI2
(1 part of 0.5 M CaCl2 to 30 parts of plasma), and incubation at 370C
for 2 h. The sera from infants and children were converted from thawed residual citrated plasmas obtained from the clinical laboratory, which were stored at -70'C.
TTP plasma-induced platelet aggregation studies. The platelet aggregation was performed as described previously (4, 8) . Briefly, platelets were separated and washed by using an albumin density gradient method modified from that reported by Walsh et al. (9) . The washed platelets were suspended in Tris saline buffer, pH 7.4, containing 0.133 M NaCl, 0.015 M Tris-Cl, 0.005 M KCI, and 0.001 M MgCl2, and adjusted to a concentration of 750,000/mm3. 0.4 ml ofTTP plasma, either undiluted or diluted with Tris saline buffer, was incubated in a cell at 370C in a Chrono-log platelet aggregometer by using a 609-nm red filter. To this, 0.1 ml of platelet suspension was added. The percent decrease of optical density resulting from platelet aggregation was recorded. As shown in Fig. 1 A and protein peak fractions were pooled and concentrated to between 1 and 1.5 ml by using polyethylene glycol 20,000, dialyzed overnight against two changes of 500 ml of 0.05 M phosphate buffer, pH 7.0, containing 0.02% NaN3. After dialysis, the sample was loaded onto a 1.5 X 70-cm Bio-Gel A-0.5 m (200-400 mesh) column and eluted with the same buffer at 18 ml/h. Only one protein peak was obtained. Fractions under the peak were pooled and passed through a 1 X 15-cm protein ASepharose CL-4B column. The column was washed with 0.05 M sodium phosphate, pH 7.0, containing 0.02% NaN3 until the absorbance at 280 nm became zero. The IgG bound to the protein A-Sepharose CL-4B column was eluted with 0.1 M glycine buffer containing 0.02% NaN3, pH 3.0. The IgG fractions having more than 0.5 O.D. at 280 nm were pooled, dialyzed against distilled water, lyophilized, and stored at -700C.
The purity of IgG was confirmed by SDS-polyacrylamide electrophoresis under nonreducing and reducing conditions (Fig. 2) . For the purification of rabbit IgG, the Bio-Gel A-0.5 m chromatography was skipped.
IgG subclasses (IgG,, IgG2, and IgG3) were separated and isolated as described by Duhamel et al. (10) .
Preparation ofhuman Fab and Fcftagments. The Fab and Fc fragments were prepared by papain digestion by a modification ofthe method described by Porter (1 1). Briefly, 40 mg ofpurified human IgG containing TTP platelet-aggregating factor inhibitory activity was dissolved in 2 ml of 0.005 M potassium phosphate buffer, pH 6.5, containing 0.01 M cysteine and 0.002 M EDTA. To this, 0.8 mg of papain was added and the mixture was incubated at 370C for 4 h. The papain digest was dialyzed overnight against 0.005 M phosphate buffer, pH 8.0, to remove cysteine and EDTA. The dialyzed fraction was loaded onto a 2.5 X 18.5-cm DEAE-cellulose column, which was equilibrated with 0.005 M potassium phosphate buffer, pH 8.0. After washing with 150 ml of the same buffer, the column was then eluted with 500 ml of linear gradient from 0.005 M to 0.3 M phosphate buffer, pH 8.0, at 20 ml/h in 5-ml fractions. The protein peak containing Fab fragments appeared in the flow through. The protein peak containing Fc fragments was eluted in the gradient.
The Fab fragments were further purified by adsorption with protein A-Sepharose CL-4B to remove traces of whole and partially cleaved IgG. Fractions under the first peak of DEAE-cellulose chromatography were pooled, concentrated with polyethylene glycol 20,000, and dialyzed against 0.05 M potassium phosphate buffer, pH 8.0. The dialyzed material was loaded onto a I X 7.5-cm protein A-Sepharose CL-4B column, which was equilibrated with 0.05 M of potassium phosphate, pH 8.0. The column was washed with the same buffer until the absorbance became zero at 280 nm. The Fab fragments appeared in the flow through while the whole IgG and Fc fragments were bound to the column. The flow-through fractions were pooled, concentrated with polyethylene glycol 20,000, and stored at -70'C.
The Fc fragments from the DEAE-cellulose chromatography were further purified on Sephadex G-200 to remove the whole IgG. Fractions in the second protein peak from the DEAE-cellulose chromatography were concentrated with polyethylene glycol 20,000, and dialyzed against 0.05 M potassium phosphate buffer, pH 8.0. The concentrated material (1.0 ml) was loaded onto a 1 X 60-cm Sephadex G-200 column preequilibrated with 0.05 M phosphate buffer, pH 8.0, and eluted with the same buffer at 10 ml/h in l-ml fractions. The Fc fragments were eluted in a single symmetrical peak or two peaks, depending on the degree ofdigestion. The fractions of the protein peak containing Fc fragments were pooled, concentrated, and stored at -70°C.
The purity of Fab (Fig. 3 ) and Fc fragments (not shown) was confirmed by 10% SDS-polyacrylamide gel electrophoresis and immunodiffusion studies against commercial anti-Fab and anti-Fc antisera. Before the platelet aggregation studies, the Fab and Fc fragments were thoroughly dialyzed against the platelet assay buffer.
Preparation ofantisera against human IgG. Antisera to the human IgG were prepared by injecting New Zealand White rabbits subcutaneously with a mixture of 1 ml purified IgG containing 40-200 sg and 1 ml ofcomplete Freund's adjuvant weekly for 2 wk followed by weekly injections of IgG for another 2 wk. 4 wk after the last injection, the rabbits were bled and antisera were collected.
Neutralization ofthe inhibitory activity ofhuman IgG by rabbit antihuman IgG. Just prior to the neutralization studies, the rabbit IgG against human IgG was dissolved in Tris-saline buffer, pH 7.4, and passed through a 0.9 X 18-cm column of Bio-Gel A-5 m (200-400 mesh) at 30 ml/h to remove IgG aggregates. 0.2 ml ofrabbit anti-human IgG at various concentrations was mixed with 0.2 ml of purified human IgG (2 mg/ml), and incubated for 2 h at 37°C. The SDS-polyacrylamide gel electrophoresis. Proteins were electrophoresed on slab gels containing 7.5 or 10% SDS acrylamide according to the method of Weber and Osborn (14) . Gels were stained with Coomassie brilliant blue R-250. Myosin, fl-galactosidase, phosphorylase, BSA, ovalbumin, carbonic anhydrase, and soybean trypsin inhibitor were used as the molecular weight markers.
Inhibition ofthe platelet-aggregating activity of TTP plasma by IgG obtained from normal human subjects. The IgG purified from seven normal adults at the concentration of 0.7 mg/ml completely inhibited the platelet aggregation induced by plasma obtained from two TTP patients during disease (Table I ). The inhibition of platelet aggregation by IgG was concentration dependent (Fig. 4) and the inhibitory activity ofIgG was neutralized by rabbit antibodies against human IgG (Fig. 5) . The preincubation of IgG with TTP plasma caused a significantly greater reduction of platelet aggregation by TTP plasma than that of IgG and platelet suspension (Fig. 6) .
After digestion of IgG-containing inhibitory activity with papain, the effect of IgG fragments was studied. It was found that Fab fragments inhibited the TTP plasma-induced platelet aggregation as the whole IgG, whereas Fc fragments had no effect (Fig. 7) .
The IgG obtained initially from five infants and young children under the age of4 yr did not have any significant inhibitory activity. When one of the children reached the age of 3 yr, his IgG inhibited the aggregation induced by one plasma but not that induced by another plasma. The IgG of the same boy at the age of 4 inhibited the aggregation induced by either plasma (Table II) .
In one study, the IgG1, IgG2, and IgG3 separated by protein A chromatography all possessed almost the same amounts of inhibitory activity when the same concentration was used.
Effect of IgG purified from the 7TP patients on the TTP plasma-induced platelet aggregation. At 0.7 mg/ml, the IgG obtained from patient 1 during disease did not have any inhibitory activity on the aggregation induced by either patient's plasma during disease, whereas the IgG obtained after recovery inhibited the aggregation caused by both patients' plasma during disease (Table III) . At the same concentration, the IgG obtained from patient 2 during disease inhibited the aggregation induced by the first patient's plasma, but not that caused by her own plasma. After recovery, the IgG inhibited the platelet aggregation induced by either plasma. Effect ofIgGfrom normal adults on the platelet aggregation induced by various agents. It was found that the human IgG (which inhibited TTP plasma-induced aggregation), at the con- Figure 6 . Effect of preincubation of human adult IgG with TTP plasma or platelets, respectively, on the TTP plasma-induced platelet aggregation. In experiment A, a mixture of 0.2 ml of 1.25 mg/ml human adult IgG (or buffer) and 0.2 ml of TTP plasma was incubated at 370C for 1, 30, and 60 min before 0.1 ml of platelet suspension was added. In experiment B, a mixture of 0.2 ml of 1.25 mg/ml human adult IgG (or buffer) and 0.1 ml of platelet suspension was incubated at 370C for 1, 30, and 60 min before the addition of 0.2 ml of TTP plasma. The percent inhibition of platelet aggregation was calculated as described in the legend of Fig. 4 . centration of 1 mg/ml, did not affect the platelet-aggregating activity of thrombin, collagen, epinephrine, or ADP. Figure 5 . Neutralization titration of a fixed amount of the human IgG inhibitory activity by the increasing concentrations of rabbit anti-human IgG. The increasing amounts of antibodies against human IgG in 0.2 ml were incubated with the fixed amount of human IgG (400 Mg) for 2 h at 370C. The incubation mixture was then spun at 48,200 g for 1 h, and the precipitate was discarded. The residual inhibitory activity in the s4pernatant was assayed by incubating with 0.2 ml of TTP plasma as described in Fig. 4 . The preimmunized IgG did not have any effect on the platelet aggregation. The experimental conditions were the same as that described under (20, 21) or stabilizing factor (22). Recently, our laboratory has found that TTP plasma caused the aggregation of both autologous and homologous platelets. The platelet-aggregating activity of TTP plasma was reduced as a function of time when TTP plasma was preincubated with normal plasma (4), suggesting that certain substance(s) in the normal plasma (which is deficient in TTP plasma) may inactivate a certain aggregating factor in the TTP plasma directly, interfere with the interaction between the TTP platelet-aggregating factor and platelets, or act through some other mechanisms.
We have reported the purification of a protein from normal plasma which inhibited the TTP plasma-induced platelet aggregation. The physicochemical properties ofthat inhibitor were similar to those ofIgG, such as the elution pattern in the DEAESephadex chromatography, the molecular weight and subunits, and the binding to protein A (5, 6); therefore, the inhibitor was suspected to be IgG. This was confirmed by immunodiffusion studies by the demonstration that commercial rabbit antiserum against human IgG formed an identical line against the purified inhibitor and IgG (23) .
The IgG purified from seven normal adults inhibited the platelet aggregation induced by two T1P plasma samples studied.
After digestion with papain, the Fab fragments inhibited the aggregation but Fc fragments did not have any effect. The prior incubation ofIgG with TTP plasma caused a significantly greater reduction of platelet aggregation than that of IgG and platelet suspension, suggesting that the IgG inhibits TTP plasma-induced platelet aggregation through a specific direct interaction with an as yet undefined platelet-aggregating factor in the TTP plasma in the fluid phase rather than on the platelet membrane. This (26) . The disease has been shown to be associated with measles (27) , influenza infection (28) or vaccination (29) , coxakie B (30), herpes simplex (31), mycoplasma (32) , microtatobiote (33) , and meningococcal infection (34). Indeed, it has been shown that certain viruses induce platelet aggregation in vitro (35) . Recently it has been shown that hemolytic uremic syndrome, a disease similar to TTP, may be associated with E. coli toxin (36) , Campylobacter jejuni (37, 38) , and bacillary dysentery (39) . More recently, a pentapeptide extracted from Microcystis aeruginosa caused the microvascular thrombi in the lung, which were composed of platelets; the pulmonary thrombi formation could not be prevented by heparin, aspirin, or PGI2 (40) . This observation is consistent with our previous in vitro demonstration that TTP plasma-induced platelet aggregation was not inhibited by aspirin, heparin, hirudin, or PGI2 (8) . It is likely that the platelet-aggregating factors present in the plasma of certain patients with TTP are derived from infectious agents. If this hypothesis is correct, suppression or defect of host immune response may exacerbate the disease process and delay the recovery.
The IgG obtained from the 3-yr-old boy inhibited the platelet aggregation induced by the first TTP plasma but not that by the second TTP plasma. The IgG obtained from the second TTP plasma during disease inhibited the aggregation induced by first TTP plasma but not by his own plasma. This suggests that the platelet-aggregating factors present in the various TTP plasma are heterogeneous in nature, deriving from different sources.
Elevated platelet-associated IgG has been reported (41) (42) (43) . The TTP plasma causes the aggregation of platelets. The IgG inactivates the platelet-aggregating activity of TTP plasma. It is conceivably possible that the interaction among the plateletaggregating factor, platelets, and IgG may give rise to the elevated platelet-associated IgG. In this case, the IgG binds to the plateletaggregating factor (which has already been attached to the platelets) rather than to the platelet membrane directly. Studies are being conducted to confirm this hypothesis.
